UNCLASSIFIED 
AD  NUMBER 


AD126610 

CLASSIFICATION  CHANGES 

TO: 

UNCLASSIFIED 

FROM: 

CONFIDENTIAL 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors ; 

Administrative/Operational  Use;  SEP  1956.  Other 
requests  shall  be  referred  to  Army  Ballistic 
Research  Lab.,  Aberdeen  Proving  Ground,  MD . 


_ AUTHORITY _ 

30  Sep  1968,  DoDD  5200.10;  BRL  D/A  ltr  dtd  22 
Apr  1981 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AMD  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DO,;’  DIRECTIVE  5200,20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE, 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED, 


UNCLASSIFIED 


fiepAaduced 
ku.  Ute 


ARMED  SERVICES  TECHNICAL  INFORMATION  AGENCY 

ARLINGTON  HALL  STATION 
ARLINGTON  12,  VIRGINIA 


UNCLASSIFIED 


THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


med  oarvices  Technical  Information  fine 

Reproduced  by  ® 

DOCUMENT  SERVICE  CENTER 

- - &JIOTT  BUIIDIN6,  D A Y T p M,  ?  n)||(| 


ncy 


FtO-CARL 
TROL  ONu 


1  OF 


riCE^  WE  GOVERNMENT  OR  OTHER  DRAWTNrc 

i  USED  j-  .  iNY  PURPOSE  OTHER  THAN  IN  COjSfpn^T^JFICATI0NS  OR  °™ER  DATA 
/ERNKLi.  "  St'CUREMENT  OPERATION^  ME  *  DEnNrrELY  RELATED 

RES  PONS’ F,  TY,  NOR  ANY  OBLIGATION  V^ATSOF^^^^  THEREBY  INCURS 
ERNMENr  ,Y  HAVE  FORMULATED  ^  THE  FACT  THAT  THE 

3  CRA  WL,  -  .  SPECIFICATIONS,  OR  OTHER^ATA  R  WAY  SUPPLIE^  THE 

s&as^  sskSSs — 

• 1  **‘£  ^*?SSfc*S  '  .  U,T  _  • -*'-1  vur: rr - . 


CONFIDENTIAL 


A 


* 


r*< 


•  r*  i 


-CCC75 


REPORT  No.  994 


SEPTEMBER  1956 


kJIIIUIII 

1956 


The  Magnus  Characteristics  Of 
A  30-MM  Aircraft  Bullet  (U) 


A.  S.  PIATOU 
J.  STERNBERG 


5  7-1- 


i  ■  >  i 

lio  j. 


DEPARTMENT  OF  THE  ARMY  PROJLCT  No.  5B0307002 
ORDNANCE  RESEARCH  AND  DEVELOPMENT  PROJECT  No.  TB3-OA2C 

BALLISTIC  RESEARCH  LABORATORIES 


ABERDEEN  PROVING  GROUND,  MARYLAND 


CONFIDENTIAL 


NOTICE:  THIS  DOCUMENT  CONTAINS  INFORMATION  AFFECTING  THE 


NATIONAL  DEFENSE  OF  THE  UNITED  STATES  WITHIN  THE  MEANING 
OF  THE  ESPIONAGE  LAWS,  TITLE  18,  U.S.C.,  SECTIONS  793  and  794. 
THE  TRANSMISSION  OR  THE  REVELATION  OF  ITS  CONTENTS  IN 
ANY  MANNER  TO  AN  UNAUTHORIZED  PERSON  IS  PROHIBITED  BY  LAW. 


CONFIDENTIAL 


CONFIDENTIAL 


CONTENTS 


ABSTRACT 


II. 


III. 

IV. 

V. 

VI. 

VII. 

VIII. 


SUMMARY  . 

TABLE  OF  SYMBOLS.  .  . 

INTRODUCTION . 

EXPER I MEN? AL  PROCEDURE 


A  . 

THE  MODEL  A NT 

-  O  *  ^  •  JLI*  i.  i 

Ml  • 

MCIIL  SUPPORT 

»»  ’  *  ^  v  TT  ' 

iOi*  l, 

c. 

PE  DUCT  ION  OF 

C  'A 

•  L-/*..  rt  . 

RESULTS  . 

COMPARISON  WITH  THEORY 
FREE  FLIGHT  COMPARISON 


CONCLUSIONS  . 

REFERENCES . 

FIGURES . 

A.  CONFIGURATION  DIMENSIONS  AND  FLIGHI  CHARACTERISTICS  .  . 

5.  INSTRUMENTATION  ATO  SUPPORT  INTERFERENCE  DATA . 


C.  NORMAL  FORCE  VS.  SPIN  . 

D.  THE  MODEL  BOUNDARY  LAYER 

E.  THE  MAGNUS  DA7rt  .... 

APPENDIX  I . 

DISTRIBUTION . 


PAGE 

N 


~CL 


20 


ZLC- 


27 

2o 


^0 

5? 


o; 


2 


CONFIDENTIAL 


CONFIDENTIAL 


ACKNOWLEDCffilT 


The  authors  wish  to  acknowledge  the  important  contributions  of  other 
members  of  the  wind  tunnel  group  in  carrying  out  tnis  program.  ’•*> 
particularly  wish  to  mention  the  aid  received  free  the  Instrumentation 
Section,  headed  by  Dr.  7.  L.  Smith,  in  developing  the  air  turbine,  'he 
strain  gage  balance,  and  the  node!  balancing  technique,  and  'he  assis'ance 
of  Mr.  E.  Bluestone  in  solving  the  model  design  problems. 


CONFIDENTIAL 


CONFIDENTIAL 


BALLISTIC  RESEARCH  LABO  HATCH 


£  O 


REPORT  !I0.  99* 


ASPlatou/jSternberg  rf 
Aberdeen  Proving  Srouni,  .‘id. 
September  1956 


THE  MAGNUS  CHARACTERISTICS  OF  A  50  MM  AIRCRAFT  BULLET  KJ) 


ABSTRACT 

Magnus  and  pitch  plane  data  at  Mr.  =  1.5  to  2.5  have  been  obtained 
on  a  small  fineness  ratio  (//d  =  3)  body  of  revolution.  Data  have  beer, 
obtained  at  angles  of  attack  up  to  U0°  under  turbulent  boundary  layer 
conditions.  The  Magnus  data  are  non-linear  with  spin  and  with  angle  of 
attack  and  the  Magnus  force  at  most  spin  conditions  in  negative  in  the 
low  angle  of  attack  region. 
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SUMMARY 


Magnus  force  and  pitching  roaer.t  uata  nave  oeer.  obtained  or  -  node! 
of  a  30n»  aircraft  bullet  in  tL»  M^ch  number  range  nf  1.5  to  2.5-.  These 
data  cover  angles  cf  attach  up  to  -0"  and  spin  rates  up  to  -5,000  ~PM 
vhlch  include  the  spin  rates  of  the  prototype,  The  Magnus  force  and 
tioment  are  non-linear  vith  spin  and  vith  angle  cf  attack  and  are  nega¬ 
tive  in  the  lew  angle  of  attack  range.  The  Magnus  cer.~er  of  pressure 
is  located  on  the  rear  portion  of  the  *cnf iguration  for  all  of  the 
conditions  vhere  it  couic.  be  accurately  measured .  Tne  normal  force 
and  pitching  mooer.t  are  only  very  slightly  dependent  cn  spin. 
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TABLE  OF  SYMBOLS 
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ts 

?  =  Stagnation  pressure 

P  *  Test  section  static  pressure 

Tq  »  Stagnation  temperature 

q  *  Dynamic  pressure  =1  uf 

2  P  ts 

p  »  Density  of  air 

U  a  Viscosity  of  air 

Ma  a  Mach  number 

Re.  a  Reynolds  No.  =  pud 

H 

Model  and  Balance  Dimensions  and  Constants 

D  =  Prototype  body  diameter 

d  =  Model  body  diameter 

C.G.a  Center  of  gravity  a  1.J2  cal.  from  the  base 


Angles 

a  =  Angle  of  attack 

p  =  Gun  traverse  angle 

a)  *  Bullet  spin  rate  rad. /see  (plus  is  clockwise  looking  upstream 

v  =  o>  d  =  non- dimensional  spin  rad/cal.  (with  respect  to  gun) 

g  TJ 

g 

v  =  q>  a  =  non-dimensional  spin  rad/cal.  (with  respect  to  air) 
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INTRODUCTION 

The  use  of  spin  stabilized  bullets  for  the  tail  defense  of  very  high¬ 
speed  bombers  introduces  r.ev  problems  in  the  predi^-^on  of  the  bullet 
trajectories.  In  general,  the  bullet  is  to  be  launched  from  the  gum  at 
some  angle  to  the  flight  path  of  the  plane,  and  since  the  speed  of  the 
plane  and  the  muzzle  velocity  of  the  gun  are  comparable,  the  bullet  may 
start  its  flight  at  large  angles  of  yav.  For  a  t>*-'cai  bullet  shown  in 
rig.  3,  initial  yav  angles  over  40°  may  be  attained;  further  the  sub¬ 
sequent  motion  may  result  in  even  higher  yav  angles  near  the  gun  muzzle. 

To  aid  in  predicting  the  bullet  trajectories  at  these  angles  of  attack 
a  considerable  amount  of  aerodynamic  information  for  the  bullet  must  be 
obtained. 

It  is  veil  knovn  that  spin  affects  the  aerodynamic  forces  on  a  body 
of  revolution.  Besides  possible  effects  on  the  normal  and  drag  forces 
the  spin  can  generate  an  entirely  nev  force,  called  the  Magnus  force, 
which  acts  in  a  direction  perpendicular  to  the  axis  of  the  body  and  per¬ 
pendicular  to  the  angle  of  attack  plane.  It  is  also  knovn  that  at  small 
angles  of  attack  the  Magnus  moment  is  often  of  great  importance  ir 
determining  the  dynamic  stability  of  projectiles  and  it  seems  reasonable 
to  expect  the  Magnus  moment  to  be  also  of  importance  at  large  angles  of 
attack.  In  order  to  obtain  knowledge  of  the  Magnus  forces  at  both  large 
and  small  angles  of  attack,  the  instrumentation  and  test  procedure  describe 
in  this  report  have  been  developed. 

We  have  been  able  to  cover  only  a  portion  of  the  angle  of  attack  - 
Mach  number  range  shown  in  Fig.  1.  At  the  lover  supersonic  Mach  numbers 
the  tunnel  vails  interfere  with  the  flov  about  the  model  especially  at 
the  larger  angles  r*  attack,  so  ve  limited  the  tests  to  Mach  numbers  of 
1.57 j  2.0,  and  2.V7.  Tests  could  have  been  performed  at  lover  supersonic 
Mach  numbers  if  ve  had  a  reduced  model  diameter.  Eovever,  since  the 
bullet  is  only  3  calibers  long,  a  model  diameter  significantly  less  than 
the  diameter  chosen  (2")  would  have  forced  us  to  place  the  strain  gage 
balance  downstream  of  the  model,  thereby  reducing  the  accuracy  of  the 
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measurements .  The  circled  points  in  Fig.  1  indicate  the  maximum  angle 
of  attack  conditions  at  which  reliable  data  ha we  been  obtained.  Fig.  2 
indicates  the  test  Reynolds  numbers  compared  to  the  free  flight  Reynolds 
numbers. 

The  wind  tunnel  model  must  produce  the  same  non-dimensional  spin 
(rad/ cal.  of  forward  travel)  as  the  prototype  in  free  flight.  Since 
the  prototype  always  leaves  tbs  gun  with  the  same  spin  (v  ) ,  the  initial 
non-dimensional  spin  (vfc)  is  only  dependent  on  the  resultant  velocity  of 
the  bullet,  hence 


Fig.  1  shows  the  values  of  v  which  are  required  for  the  30ms  bullet 

& 

for  which  v  ■  .28.  The  model  spin  rates  (rad. /sec)  are 


(0  «  V 


a 


This  corresponds  to  spin  rates  up  to  U5,000  RPM  for  tbs  2  inch  disaster 
model  tested  st  Mach  No.  1.57*  At  Mach  No.  2.1+7  the  same  model  oust 
spin  at  36,000  RPM. 


II  EXPERIMENTAL  PROCEDURE 
A.  The  Modal  and  Instrumentation 

The  two  inch  disaster  modal  of  the  30ns  aircraft  bullet  is  shown 
in  Fig.  3*  All  external  dimensions  are  proportionately  scaled  from  the 
prototype  except  for  the  grooves  in  the  rotating  band.  The  model  grooves 
are  of  the  proper  width,  depth,  and  cant,  however  the  " slurring  over". 

Fig.  1+,  which  is  created  on  one  side  of  the  groove  as  the  prototype  moved 
in  the  gun  barrel,  is  not,  duplicated.  The  "slurring  over"  would  be  diffi¬ 
cult  to  duplicate  and  its  effect  on  the  Magnus  data  is  probably  com¬ 

pared  to  the  effect  of  the  grooves  themselves. 
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The  air  notar  is  an  Integral  part  of  the  motel ,  the  model  ?o-aing 
the  outside  surface  of  the  revolving  portion  of  tV  motor.  Ini  -  portion 
of  the  notor  Is  noun  ted  on  the  bearing  outer  races  as  shown  in  Fig.  5. 

The  inner  races  of  the  bearing  are  mount*  i  on  a  cylinder  which  m  turn 
is  mounted  on  the  upstream  end  of  the  ino:-^  ?*ra±n  gage  baler  *  art 
supporting  strut.  The  model  is  rotate;  by  an  up jlse  air  * urbin*  with 
the  turbine  buckets  being  me  in  “  e ;  in  - icc;cl  z  ^r;  *v*  air  nozzle? , 
of*  which  there  are  feur,  being  mount-;  Ju5*  upstream  cf  the  bu  £.*■*&  on 
the  supporting  strut#  An  axial  roi-  nr i lie;  1:  tie  supporting  strut 
serves  aa  a  paseage  for  'he  high  preseur*  air  nc..tl*p :  a'  *  f 

usual  test  conditions  toe  flow  our  of  th>  nor.ziee  snou^d  be  approximately 
Mscs  number  4.  Since  the  nozzle  air  is  exhausted  into  the  tunnel,  dry 
a±r  from  the  wind  tunnel  storage  spi*.r®  is  used  as  the  high  pressure 
source. 

For  these  tests  sufficient  power  to  operate  the  motor  easily  was 
obtained  by  t-slng  a  supply  pressure  of  175  psi.  Under  the  test  conditions 
the  motor  has  a  starting  torque  of  1.2  in.  lbs.  and  develops  .5  HP  at 
45,000  RPM.  TLe  acceleration  time  from  0  to  45,000  RFM  is  approximately 
50  sec. 

A  spring  is  used  to  preload  the  bearings  fo  that  the  bearings  ar? 
subjected  to  a  thrust  at  all  times.  The  preload  appears  to  confine.  *  he 
ball  rotation  to  one  axis,  because  a  track  is  vcm  into  the  ball  surface 
after  several  thousand  revolutions.  Fig.  6.  A  thermocouple  is  mounted 
near  the  forward  end  of  the  strut  so  trat  the  temperature  rise  of  -he 
strut  can  be  measured  when  the  model  is  spun.  While  breaking  m  a  set 
of  bearings,  the  appearance  of  a  well  worn  track  is  indicated  by  a 
leveling  off  or  decrease  in  the  re«pe-at ure  of  the  forward  end  cf  tne 
strut.  After  several  minute?  of  running  at  low  spreds  the  temper at-ure 
6tqps  rising  and  may  in  the  case  of  an  extremely  gooc.  tearing  start 
decreasing,  bearings  are  broken  in  by  measurirg  the  &trut  'emper&ture  at 
10,000  and  20,000  PPM  and  no  bearings  -r-  run  at  higher  -p*-eds  until  no 
temperature  increase  is  obtain® i  at  -  •*  speer?.  . f  th>  prelca;  is 
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renoved  from  the  bearing,  tve  bearing  balls  will  'e^rient  *heirselve6  and 
a  rebreaking  in  one  of  the  bearings  is  necessary. 


Meapjr^m^n*  of  the  *esp»---.*  u~e  r‘ 


f  *  r  > 


*  STu 


also  necessary  curing  the  tu.tr- 1  '*s*s  f:-  l* 
of  ’be  bearings  during  anv  cr  st  -  p  -to.:.  1 

becomes  excessive  or  if  'e^p,.  -  v  of  *v«- 
the  bearings  are  rinsed  m  a  ^1- a-  tM-.v  v 
F  limit  was  f:uno  *'  ^e  e.~  *  «■  *empe-«. 

the  bearings  might  cc  a'  . 


i*' ii  5**'c  * v  e.  c  ~nii'*  ion 
f  -  **mp~  -a*  .-e  *  lee 

a*  '-Cfi-e  aCCV*  150'  F 

-‘w-earei.  Tie  150  ceg-ee 
a*  ."1  h  feezing  of 


Two  pe-mar-ent  aagne*^  a-«-  a- r,£  i  r*  v  -he  l*?*-  f  the  aodel  (see 
Fig.  5).  As  the  model  rotate- ^  the  aagr  t * ic  field  gene-ete=  a  curren" 
in  a  coil  mounted  on  the  stationary  strut.  Jsing  suitable  ci-cuit-y, 
the  resultan’  coil  signal  is  converter  ir  to  a  signal  p-opcr'lcnal  to  the 
RPM  of  the  mcael. 


Dynamic  balancing  of  "h-  moiel  is  accomplished  using  a  sensitive 
balancing  rig  which  determines  the  location  and  amount  of  metal  to  be 
removed  from  both  the  nose  and  tail  of  the  model.  The  balancing  reduces 
the  wear  on  the  bearings  especially  at  resonant  speeds  and  reduces  the 
strain  gage  signal  oscillations  at  resonant  speeds .  Necessarily,  readings 
are  not  taken  near  the  resonant  points. 

In  practice,  the  strain  gage  hinge  lines  were  not  positioned  exactly 
as  desired.  The  angles  and  lengths,  which  are  needed  to  sort  out  the 
pitching  ^nd  yawing  moments ,  are  measured  by  means  of  a  static  calibra¬ 
tion  described  in  Appendix  I.  The  desired  moments  could  then  be  deter¬ 
mined  by  solving  a  set  of  four  simultaneous  equations.  As  will  be  noted 
later,  however  it  was  possible  to  considerably  simplify  the  •'eduction 
procedure . 

Temperature  compensation  of  'he  s’ -air  gag«-  v -i iges  was  accom¬ 
plished  by  varying  the  -esistar  e  f  one  of  ’ve  b-idg®  legs  until 
bridge  indicated  no  unbalance  vh--  *  c-  t^xp-ratur**  ef  v-e  beam  vas 
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changed.  During  nest,  temperature  non-uniformity  of  the  cess  ^ausei  ty 
r.eat  from  the  bearings  might  still  cause  trouble,  so  as  &  check  the 
bridge  unbalance  was  observed  as  the  model  spin  varied  from  -5,  ICC  -PM 
to  0  rjider  r.o  flow  conditions.  ::o  bridge  -^balance  vas  found,  except 
at  resonant  speeds,  so  the  method  cf  temperature  compensation  vas  con¬ 
sidered  satisfactory. 

The  model  vas  tested  on  tvc  oifferer.t,  support  systems.  The  power 
lead  lengths  for  each  of  these  installations  differed,  and  it  vas 
necessary  to  correct  the  bridge  sensitivity  for  the  differences  in 
the  power  lead  resistances. 

B.  Model  Support  and  Tunnel  Interference 

Comparisons  of  wind  tunnel  base  pressures  with  free  flight  base 
pressures  on  the  same  model  at  the  same  test  conditions  have  shown  that 
if  the  wind  tunnel  support  system  is  made  small  enough,  the  tunnel  and 
free  flight  measurements  are  in  reasonable  agreement.  However,  in  most 
cases,  the  model  loads  are  too  large  to  allow  the  use  of  a  support  system 
which  does  not  change  the  wake  flow.  On  a  cylindrical  body  at  small 
angles  of  attack,  with  a  convergent  wake,  the  change  in  the  upstream 
flow  is  of  negligible  importance.  If  the  support  system  interference 
is  large  enough  to  diverge  the  wake  flcv  the  resultant  shock  wave  at 
the  model  base  may  cause  separation  of  the  boundary  layer  on  the  model 
surface.  It  would  then  be  possible  for  the  support  system  to  affect 
the  flow  over  an  extensive  region  of  the  tody.  If  this  separation  does 
not  occur,  then  measurements  of  the  model  forces,  with  the  exception  of 
the  base  force  should  be  valid. 

As  long  as  the  flow  relative  to  the  model  surface  is  supersonic, 
the  Magnus  force  and  moment  measurements  should  be  free  of  support  inter¬ 
ference.  When  the  flew  is  supersonic  relative  to  tne  model,  shock  waves 
arising  from  the  irregularities  of  the  model  surface  near  the  base,  are 
clearly  visible  in  the  Schiieren  photographs.  Fig.  7  shews  -he  model  at 
an  angle  of  attack  where  the  flow  is  everywhere  supersonic.  In  Fig.  3 
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the  flew  separares  or.  the  *op  site  f  the  noiel  rear  nose  ar  i  there 
is  a  very  extensive  subsonic  wake.  As  .'ill  be  describee  be  lew  *  he  photo¬ 
graphic  observations  were  supple?.*- o’ ed  wi*h  normal  force  arc  pitching 
momen'  measurea*“n* c  ~n  a  n'r.-r-ta*  ing  t-.-.*'.,  its  -c  .1  ’  -e  expe~*e~  *ve 
development  of  ar  e>  tensive  vak*-  raus.- .  la  g-  a  w«  =  ir  *  -  «•  morel  forces. 

A  limited  series  of  m* asur*-?*-*  *  =  -.(--o  -a  a*  va  --  -  .0  a  =  10" ,  and 

2C°  to  confirm  supposi'di  -  *  a*  *  e  V.ag-  :  *  -c  .  _.d  e  ij.  epenieu* 

of  the  wake  flew  The  vak#-  flow  wa^  il->  .-c  /  plao:rw  -ir.gc  or.  *h* 

strut  just  aft  of  *ht  mo  tel  base  ard  •  ■  xrwes  r  the  Vagr-s  force  were 

f ound . 


The  tests  of  the.  various  suppxr*  ' or.f  -guratior.s  v-r*  made  by  measuring 
the  normal  force  and  pitching  airmen'  or,  a  r.on-sp  inr  ir.g  m^iel .  Magnus  force 
measurements  on  a  spinning  model  with  a  series  of  different  struts  would 
have  been  very  time-consuming  and  expensive  hcvevej;  it  was  possible  that 
the  non- spinning  'ests  might  not  b°  satisfactory.  The  model  spin  alters 
the  boundary  layer  or.  the  model  in  a  complicate!  way,  a no  it  is  possible 
that  the  altered  boundary  layer  might  be  more  susceptible  to  separation 
than  the  boundary  layer  on  the  non-spinning  model.  However,  in  the  lat¬ 
ter  case,  the  normal  force  or  pitching  moment  should  have  been  signifi¬ 
cantly  affected  by  the  model  spin,  all  of  the  test  data  indicated  a 
negligible  influence  of  spin  on  'he  pitch  plane  forces. 


At  large  yaw  angles,  "e  direction  of  th 
between  the  strut  axis  ano  'he  free  stream  fl 
that  the  s'rut  interference  mig:.*  be  minimise 
elded  with  'he  wake  axis  because  *>en  *he  ir. 
would  be  in  a  low  speed  flow  ar.o  the  pressure 
strut  would  be  relatively  small  rig.  Q  ~  -r. 
that  was  used  to  vary  "-e  angle  ;•*»♦•.*.<=."•  -  e  - 
axis.  Fig.  10  shows  now  -'-sr  iiffe  en*  s*r. 
tunnel  angle  of  attack  svs'ex  *o  all  .  * 
angle  of 
pictures 


a"acK  range  wi* 
sugges*  *  a*  ' >.* 


e  vane  axis  is  intermediate 
ov  direc'ion.  We  thought 
o  If  the  strut  axis  com- 
itial  portion  of  the  strut 
ranges  produced  bv  the 
s  *ce  s'r-.'  arrangement 
axis  ano  *>.e  morel 
rs  - 1  re  c  'nr**  'ed  tc  'he 
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'-as  largely  determined  by  flcv  ir.terferer.ee  free  portions  of  the  model 
support  system  other  thar.  the  strut  at  the  model  case.  Ir.  particular, 
interference  from  the  downstream  p cr'icn  cf  the  strut  and  the  piece 
connecting  the  strut  tc  "he  eagle  cf  attach  system  tree  ably  had  as  much 
or  mere  to  do  with  the  re  suit  art  flcv  a?  the  angle  between  the  strut 
arc  model  axis,  .re  four  Sehlierer  photographs  log.  11',  at  g  =  -0 , 

X  -  1.57,  as  veil  as  the  peculiar  rise  ir.  the  pitching  moment  curve 
rear  that  angle  of  attack,  see  Fig.  1;  indi-ate  the  development  of 
large  vakes  although  the  cevree  of  separation  differed  for  the  differer. 
struts.  With  the  1=0“  strut;  there  -as  =.  reflected  shock  from  the 
Mach  intersection  near  .e  vail.  Vtich  intersected  the  vake  a  little  cv 
one  model  diameter  from  the  case.  With  the  5  =  l£~  strut,  the  reflect® 
shock  struck  the  vake  nucr  further  dcvr.stresr  and  the  degree  of  separa¬ 


tion  appeared  to  be  much  reduced. 


:r.e  same  :  cur  stru‘ 


figurations  at  cr  =  30"  at  X  -  1.5-7.  At  this  angle  of  attack  both  the 
Sehlierer.  photographs  and  the  pitch  plane  data  indicated  interference 
free  results.  As  at  2  =  -C",  the  reflected  shcci  system  for  3=0' 
strut  intersected  the  vake  closer  to  the  model  base  than  the  reflected 
shock  for  the  ether  struts;  however  the  reflected  shock  was  still  212 
model  diameters  from  the  base. 


At  M  =  1. and  '■  =  2.0,  -*e  felt  there  vas  little  to  choose  betvee 
the  several  strut  configurations .  The  presumptive  evidence  indicates 
that  there  vas  seme  interference  present  for  all  of  the  configurations 
aoo -re  jt  —  —  — .  ✓  ,  —  u  —  ^  -  .*.  =  — » v,  1  *-  - . -  ,  ...e 

maximum  a  required  vas  only  _0'  so  that  strut  interference  vas  not  a 


problem.  In  view  of  these  results,  a  coaxial  strut  vas  us? 
of  the  measurements. 


•T  -  —  C  *;  1 


While  the  main  objective  of  these  tests  vas  to  obtain  Magnus  data 
at  large  yaw,  ve  had  a  strong  interest  ir.  obtaining  accurate  cats  at 
small  yav.  Unfortunately,  the  precision  ve  desired  at  small  yav  cculi 


not  be  achieved  using  the  funnel  angle  0: 
system  deflects  easily  in  the  horizontal 


attach  system,  .he  support 
plane  and  furtner,  tbe 
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attachment  of  the  strut  support  to  the  guiding  orescent  is  cmperfect,  and 
a  small  amount  of  inelastic  movement  is  possible.  Careful  measurements 
shovel  that  the  uncertainty  ir.  yaw  angle  due  to  the  existing  side-play 
vas  not  particularly  important.  However  when  tes*e-  'he  moiel  oscillated 


a  small  amount  in  the  horizontal  rlana  vitn  an  irregular! 


.g  Tjr.r^i- 


tude.  The  resultant  oscillation  of  the  ya.  i..g  moments  greatly  r  -  urea 
the  accuracy  of  the  measurements.  T  ore 'lie  =  m:  *e  -  igi  -  neper t  ft" 


f  A  * 


etc  nur  - 


the  model,  a  door  mount  'see  Fig.  1/  vas  us.-d  .t  all 
bers.  (See  Figs.  13-15) •  it  vas  st — 1  necessary,  nc-aver,  to  take  some 
experiments  at  small  yaw  v_oh  the  tunnel  angle  c:  attack  system.  . ne  door 
mount  does  not  nave  a  vindov  for  Scrlierer.  observation  and  11  cv  observa¬ 
tions  were  needed  to  clarify  some  of  the  initial  results. 

Normal  force  and  pitching  moment  measurements  obtained  using  the 
door  mount  are  also  shovn  in  Figs.  13-15.  Flov  interference  appears  to 
occur  at  a  i  25°  at  V.  =  1.5  7  and  at  ct  =  5*-°  at  ”  =  .1.00.  The  angle  of 
attack  on  the  aoor  mount  vas  changed  by  externally  rotating  a  disk;  the 
swept  back  double  wedge  support  holding  the  model  strut  vas  connected  to 
the  disk.  As  the  model  angle  of  attack  vas  increased,  the  angle  of  attaci 
of  the  support  also  increased.  Further,  it  simultaneously  movec.  close  to 
the  floor  of  the  tunnel.  We  believe  that  the  resultant  strong  shock  system 
caused  flow  separation  on  the  model.  A  special  mode-  strut  has  now  been 
fabricated  which  is  bent  22^  at  the  nede^.  :ase.  With  this  new  strut  the 
support  system  flow  disturbances  should  be  greatly  reduced  and  it  should 
be  possible  to  use  the  door  mount  over  the  entire  angle  of  attack  range, 
if  desired.  Actually  at  large  yaw,  since  the  measured  forces  are  larger, 
the  scatter  introduced  by  the  oscillations  of  the  note-  mounted  on  the 
tunnel  angle  of  attack  system  are  not  important. 

0.  Reduction  of  Test  Data. 

Because  of  imperfections  in  thr  tunnel  flov  me  imperfect  alignment 
and/or  tracking  of  the  angle  of  attack  systems  that  verP  used,  the  re¬ 
sultant  angle  of  attack  of  the  node-  with  respect  to  _r.e  airs  treat  is,  in 
general,  not  in  a  vertical  place  chro-g.  the  cun-ex  avis.  Therefore,  the 


_c 
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y&vi.tg  moment  at  r.o  spin  '.'ill  not  be  zero  vfi  viil  ary  vith  the  monel  ar.gle 
of  attack.  Ir.  addition,  there  vili  be  an  apparent  yaving  moment  . ecause  the 
yavir.g  moment  hinge  lines  are  not  parallel  and  in  the  plane  of  th  angle  cf 
attack.  During  installation  of  the  node!  in  the  tunnel  an  adjustment  of  the 
balance  roll  angle  is  made  to  limit,  ar  far  as  is  practicable,  these  no  pir. 
yavir.g  moments . 

The  deflection  of  the  no. el  upport  system  .r.der  load  introduced  some 
possible  additional  c amplications  ir.  obtaining  the  Magnus  forces.  For  instance, 
if  the  pitch  plane  forces  changed  substantially  vith  spin,  the  angle  of  attack 
might  vary  significantly  vith  spin.  Fortunately,  as  vas  .noted  previously,  the 
pitch  plane  forces  vere  practically  invariant  vith  spin  (Fig.  17-19)* 

Similarly,  the  Magnus  forces  themselves  vili  deflect  the  support  system  in  the 
horizontal  plane  thereby  changing  the  direction  cf  the  resultant  angle  of  attack 
Hence  there  vili  be  yaving  moments  due  to  the  inclination  of  the  normal  force 
vector  vhich  have  to  be  subtracted  from  the  total  yaving  moments  to  obtain  the 
Magnus  moments  themselves. 

Strut  reflection  constants  vere  obtained  for  vertical  and  horizontal  loads. 
The  pitch  plane  constants  vere  used  to  correct  the  vertical  component  of  the 
angle  of  attack  and  the  lateral  constants  vere  used  to  determine  the  yaving 
moment  due  to  the  inclination  of  the  normal  force  vector.  The  Magnus  force 
ir.  these  tests  vas  alvays  small  so  that  the  change  in  the  lateral  component 
of  the  angle  of  attach  caused  by  the  Magnus  force  vas  alvays  small  (  .Cl  degrees 
vas  the  maximum  deflection  computed).  Hence  the  apparent  Magnus  force  due  tc 
the  inclination  of  the  normal  force  vector  can  be  chovn  to  be 


4N  =  : 


.,  sin 


:ar.  3 


vhere  Z<3  is  the  change  in  the  lateral  component  of  a. 

The  resulting  error  in  the  Magnus  force  is  vithir.  the  experimental  accuracy 
and.  therefore  vas  not  included  in  the  reduction. 
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The  normal  force  contribution  to  the  measured  yavir.g  moment  wes  computed 
in  several  critic \1  cases  and  was  found  to  ve  negligible.  As  a  "<=  ult,  it  vas 
possible  to  de-ern.ne  the  Magnus  data  by  simply  subtracting  the  yawing  moment 
at  zero  spin  for  °ach.  angle  of  itta 


The  first  experiments  ver 
very  curious  results  -.ere  obt%in*d 
consistently  at  various  pin  at :S 
aifferer.t  almost  every  time  t. 


■'i  %,  r 


'"•d*  ,  m  ~ ■  »  N»  *-  * 


engies  of  atiacic  srt 
:  u_  ■?  -ereate  i 
wing  moment  vas 
■a.  ir.  :le  ,sro  stir. 


;agr.us  :  orce 


yawing  moment  values  vas  too  large 

moment  variations  observer,  vi  ;1.  changes  in  spin  rats.  1.1  £ o 
varied  non-lineariy  vith  spin  and  extrapolation  of  the  data 
appeared  hazardous.  It  vas  c con  four/  ... 't  the  yavi-?  more: 
valued  function  of  the  roll  ar.g^e  at  which  the  node!  happened  to  stop  Turing 
each  test.  Shadowgraphs  of  the  mode*  see  rig.  h’C',  at  different  roll  angles 
suggested  that  the  boundary  layer  transition  on  the  model  surface  -  as  largely 
controlled  by  small  imperfections  of  the  model  surface,  since  the  position 
of  transition  on  the  top  and  bottom  elements,  as  shown  in  the  photographs,  vas 
different  for  different  roll  angles.  Ever,  if  the  model  were  perfectly  made 
and  at  zero  angle  of  attack,  it  would  be  unlikely  that  the  transition  would 
occur  at  the  same  axial  position  all  aroi 

ence  of  non-uniformities  in  the  tunnel  flow,  Tut  ir.  the  letter  case,  the 
transition  pattern  would  have  remains!  fixer  with  respect  to  the  tunnel 
coordinates  and  so  would  not  have  teen  troublesome.  A  difference  in  the 
axial  position  of  the  boundary  layer  transition  around  the  model  implied  a 
difference  in  boundary  layer  displacement  thickness  at  downstream  axial 
stations.  The  "effective"  body  would  ther.  not  be  at  zero  lift,  and  there 
would  be  some  pitching  ani  yawing  moment  or  the  mo_ei.  Such  -awing  moments 
on  this  model  are  probably  larger  then  those  thst  wo'uld  be  found  cr.  a  smoothly 
contoured  model  because,  of  the  presence  of  the  rotating  and.  Fig.  .0  shows 
that  when  the  boundary  layer  is  laminar  ahead  of  the  rotating  -ani  that 
boundary  layer  separation  occurs  veil  upst'eam  of  the  rotating  ar... 
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It  is  r.ot  possible  to  calculate  vith  any  reliability  rot  the  photograph  vha 
change s  in  moment  should  have  sen  produced,  since  the  data  are  necessarily 
incomplete.  Estimates  indicate  tha*  .nail  -ranges  in  the  effective  angle  of 


e  ei  receive  -r.^6  c: 


att-aci:  of  the  order  of  .02' 


£1’*  p  C  -  ■  £.  .  .  S'-***  *  t 


.c  account  cor 


the  measurements .  At  any  reasonaole  .pin  rate,  any  force  dependence 


,»,r  ^ ^  >  • 


angle  would  be  averaged  by  *re  ir.str umentaoicr .  A_  the  angle  of  -teach  is 
increased,  the  effect  cf  the  angle  of  attach  cr  transition  or.  tr.e  ody  econe 
more  and  nore  important .  Above  about  the  dependence  of  the  transition  or. 
the  model  roll  angle  be- cues  negligible.  When  the  Reynolds  number  vac  ir.crea 

r 

from  .62  to  .  9^  x  10”,  the  transition  occurred  fairly  veil  fervard  cr.  the  cod, 
rig.  21).  The  resultant  paving  moment  variation,  vhich  v&s  about  half  the 
variation  experienced  at  the  lover  Reynolds  number  vas  about  the  same  magni¬ 


tude  as  the  uncertainty  in  reading  the  data,  -r.d 


■as  considered  to  be  acre 


table.  Similar  result:  vere  achieved  at  the  lover  .  *  ynolds  number  by  using  a 
boundary  layer  trip  ring  near  the  base  of  the  ogive . 

The  data  obt&ir.ec  at  the  higher  Reynolds  numbers  at  three  Mach  numbers, 
1. 57  >2. 00,  and  2.^7,  are  shove,  in  rigs.  22-21.  The  maximum  valu®  cf  the  spin 

parameter  uxi  vas  approximately  the  same  as  the  ud  values  for  the  shell  vhen 

U  TJ 

it  has  the  air  Mach  numbers  s hovr. ,  at  launching.  It  is  seen  that  the  Magnus 
force  reverses  direction  at  small  angles  cf  attach.  These  lev  angle  cf  attac 
tests  vere  rerun  several  times  to  confirm  that  the  reversal  vas  definitely 


present  furthermore ,  it 


.ear  that  at  small  angles  of  attach  the  Magnus 


forces  and  moment  vary  non-linear iy  vith  spin.  Although  the  data  above  10-1 
are  not  shown,  in  rigs.  22-21,  the  Magnus  force  ar.d  moment  are  reasonably 
linear  vith  spin  and  can  be  octair.ed  from  rigs.  25-27. 

Figures  25-27  are  cross  plots  of  the  data  at  the  free  flight  values  of 
the  non-dimensional  spin  parameter.  As  would  ce  expected  from  Figs.  22-2u, 
the  Magnus  force  is  also  non-linear  vith  yaw.  The  data  at  ail  tnree  Mach 
numbers  indicate  that  the  center  cf  the  pressure  of  tr.e  Magnus  forces  changes 
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with  angle  of  attack  and  that  the  Magnus  force  coefficient  reaches  a  peak 

c  o 

value  at  about  15  -  20  a.  At  angles  of  attack  below  5  ,  the  accuracy  of 
the  center  of  pressure  determination  is  poor  and  so  it  has  not  been  entered 
on  the  graphs  The  data  at  M  =  1.57  and  2.00  sfso  indicate  that  the  Mag- 
nus  force  coefficient  approaches  a  constant  value  at  about  3C  3.  Certainly 
it  is  not  safe  to  extrapolate  these  data  to  still  larger  angles  of  attack. 

TV.  COMPARISON  WITZ  THEORY 

As  far  as  we  know,  no  adequate  theory  exists  at  the  present  time  for 
predicting  the  Magnus  forces  on  the  model  used  in  these  tests.  The  principal 
theoretical  work  that  has  been  dene  has  been  directed  towards  calculating 
the  Magnus  forces  at  small  angles  of  attack,  with  laminar  boundary  layers, 
on  very  simple  body  shapes.  It  is  found  that  the  boundary  layer  or.  the  model 
is  altered  by  the  combined  effects  of  angle  of  attack  and  spin.  The  result¬ 
ing  displacement  thickness  distribution  is  not  symmetrical  with  respect  to 
the  vertical  plane,  so  that  Magnus  forces  can  be  pru^uced.  Also  there  may 

be  a  significant  force  contribution  arising  from  asymmetry  of  the  skin  fric- 

1  2 

tion  forces.  The  existing  solutions  '  assume  an  incompressible  flow  and 
do  not  account  for  the  actual  boundary  layer  development  on  the  nose.  In 
addition,  because  of  the  disturbance  produced  by  the  rotating  band,  at  Mach 
numbers  of  1.57  to  2.V7,  we  were  not  able  to  test  with  a  laminar  boundary 
layer  over  the  whole  model  length  at  any  angles  of  attack. 

Figures  22-27  show  that  at  angles  of  attack  less  than  5°;  the  Magnus 
force  is  negative,  opposite  in  sign  to  the  small  angle  force  predicted  for 
the  laminar  boundary  layer  case.  The  large  3.R.L.  free  flight  range  has 
also  obtained  indications  of  negative  Magnus  forces  (see  free  flight 

i 

comparison  section)  on  this  configuration.  However,  measurements  at  the 
Naval  Ordnance  Laboratory  on  bodies  with  greater  length  to  diameter  ratios 
(about  7)  do  not  show  negative  Magnus  forces.  This  ney  be  caused  by 
different  boundary  layer  conditions  or  by  the  larger  fineness  ratio.  As 
yet  we  have  been  unable  to  determine  the  cause  of  this  behavior. 
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7r.e  source  of  the  Magnus  fortes  at  Targe  angles  of  at*ac'  is  probably 
entirely  different.  The  normal  forces  :>n  non-rotating  bodies  are  reason¬ 
ably'  veil  described  us ins  the  ideas  of  H.  7.  Allen'  vith  further  refir.e- 
l 

nents  oy  Kelly  .  If  ve  apply  these  ideas  to  the  prediction  of  the  Magnus 
force  at  large  angles  of  attack,  ve  have  to  relate  the  Magnus  force  on  a 
given  section  of  the  body  to  the  Magnus  force  on  a  spinning  cylinder 
oriented  normal  to  the  flow.  The  "normal"  velocity  for  each  section  is 
taken  to  be  the  component  of  the  free  stream  velocity  normal  to  the  body 
axis.  Further,  the  Magnus  forces  on  the  sections  have  to  be  related,  net 
to  the  steady  state  Magnus  forces  on  a  cylinder,  but  rather  to  the  force 
on  a  rotating  cylinder,  impulsively  started  from  rest,  before  it  has 
developed  the  steady  stav.-  force.  The  forces  cn  forward  body  sections 
correspond  to  short  travel  distances  for  the  cylinder,  the  rearward  body 
sections  to  relatively  large  travel  distances  for  the  cylinder.  At  any 
angle  of  attack,  the  steady  state  forces  may  finally  be  reached  on  the 
body  if  the  body  is  long  enough.  Unfortunately,  the  required  low  speed 
starting  data  are  not  available. 


Further,  the  whole  picture  should  change  at  large  free  stream  Mach 
numbers  and  angles  of  attack  because  the  Mach  number  component  normal  to 
the  axis  will  approach  and  may  exceed  unity.  The  development  of  Magnus 
forces  on  a  cylinder  normal  to  the  flov  should  be  markedly  dependent  on 
the  flow  Mach  number.  At  low  speeds,  the  cylinder  rotation  causes  the 
point  of  boundary  layer  separation  to  differ  on  the  top  and  bottom  of 
the  cylinder.  As  a  result,  the  vorticitv  of  opposite  sign  shed  at  the 
top  and  bottom  is  not  equal  ana  there  is  a  net  amount  of  vorticity  of 
one  sign  shed  in  the  cylinder  vake.  As  this  happens,  a  circulation  of 
the  opposite  sign  develops  around  the  cylinder  and  the  pressure  dis¬ 
tribution  over  the  whole  cylinder  is  altered  resulting  in  a  Magnus 
force.  When  the  flov  is  supersonic,  unequal  vortex  sheading  in  the 
vake  has  a  much  more  restricted  field  of  influence,  since  its  effect 
is  restricted  to  the  subsonic  portion  of  the  flow  field,  except  in  so 


23 


CONFIDENTIAL 


CONFIDENTIAL 


far  as  it  may  alter  the  points  of  separation  of  the  boundary  layers.  The 
Magnus  force  that  results  is  then  due  to  a  change  of  ^.cssure  over  a  small 
portion  of  the  cylinder.  Furthermore,  at  low  speeds,  a  relatively  large 
amount  of  time  is  required  to  establish  the  shiady  state  force  since  time 
must  he  allowed  for  the  development  cf  the  starring  vertex  and  then  its 
subsequent  movement  downstream.  At  supersonic  speeds,  the  rate  of  approach 
to  steady  state  values  will  cepeni  or,  the  relative  importance  of  the  spin 
and  the  wake  conditions  ir  determining  the  ep 'cation  points  on  -he 
cylinder.  If  the  spin  fo  aomiuant;  then  a  steady  state  pressure  distribu¬ 
tion  on  the  cylinder  would  be  reach*;-  very  rapidly. 

Futher,  most  of  the  experiments  that  rave  been  performed  on  rotating 
cylinders  have  either  been  at  very  low  Reynolds  numbers  or  in  the  transi¬ 
tion  region.  Data  for  a  turbulent  boundary  layer  would  be  more  appropriate 
for  the  type  of  model  used  in  these  tests. 

V.  FREE  FLIGHT  COMPARISON 

This  seme  30omi  shell  has  been  fired  in  the  ‘SSL  Free  Flight  Aero¬ 
dynamics  Range.  The  normal  range  reduction  technique,  which  is  based  on 
the  assumption  that  the  forces  tnd  moments  are  linear  with  spin  and  angle 
of  attack,  would  be  clearly  unsatisfactory  in  this  case.  Recently  C  H. 
Murphy^  has  developed  a  method  for  deducing  the  aerodynamic  coefficients 
from  a  free  flight  firing  when  the  coefficients  are  non-linear  with  angle 
of  attack.  In  its  simpler  form,  he  method  requires  a  cubic  or  quintic 
fit  to  the  actual  Magnus  moment  curve.  In  spite  of  the  fact  that  the 
experimental  curve  cannot  be  readily  approximated  in  this  way,  Murphy 
has  analysed  the  range  results  and  has  obtained  a  Magnus  moment  curve 
which  is  qualitatively  similar  to  the  wind  tunnel  curve.  The  Magnus 
moment  reverses  sign  at  about  the  same  angle  of  attack  and  also  reaches 
a  maximum  at  a  moderately  large  single  of  attack. 
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VI.  CONCLUSIONS 

The  following  conclusions  can  be  drawn  fro*  these  data: 

1.  The  normal  force  and  pitching  aonent  are  only  slightly  dependent 
on  spin. 

2.  The  Magnus  farce  it  nan-linear  with  angle  of  attack,  and  at  all 
except  the  very  high  spin  rates  the  force  and  aonent  change  sign  at  the 
low  angles  of  attack. 

J.  The  Magnus  force  and  accent  do  not  bee  one  linear  with  spin  until  an 
angle  of  attack  between  7  l/2°  and  15°  is  reached.  The  angle  of  attack 
for  linearity  decreases  as  the  Mach  number  increases. 

4.  The  Magnus  force  center  of  pressure  Is  located  behind  the  center  of 
gravity. 

5.  The  Magnus  force  and  aonent  decrease  as  the  Mach  nuaber  increases. 

6.  The  Magnus  farce  and  aonent  are  negative  at  snail  angles  of  attack 
and  noderate  spin  rates.  For  these  data,  borMary  layer  transition  occurred 
before  the  base  of  the  ogive. 

7.  A  maxi  atm  in  Magnus  force  and  aonent  was  reached  between  !5-20°a 

o 

and  the  Magnus  forces  varied  little  with  a  near  a  =  30  .  In  this  larger 
angle  of  attack  range,  the  results  appeared  to  be  Independent  of  Reynolds 
nuaber  changes  produced  by  changing  the  tunnel  pressure  level  by  a  factor 
of  2. 
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Maximum  Aircraft  Velocity  ■  2000  ft./sec. 
Muzzle  Velocity  s  2950  ft./sec. 
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FLiGHT  CONDITIONS  FOR  30  MM  AIRCRAFT  BULLET 


FIG.  I 
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FLIGHT  REYNOLDS'  NUMBER  FOR  30  MM  AIRCRAFT  BULLE 
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Figur**  4.  Photograph  of  30mm  Aircraft  Bullet  Rotating  Band  Groove*. 
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igurc  5.  Spinning  Model  -  Instrumentation. 
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Fi#urr  6.  Bali  Bearing  after  Break-in  Period. 
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Figure  8. 
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igure  10.  30mm^Airc raft  Bullet  Model  Mount  on  the  Tunnel  Angle  of  Attack  System  showing 
the  10  and  3 i°  Offset  Strut  Supports. 
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Figure  11.  Schlieren  Picture  of  the  30mm  Bullet  Using  a  0°  Swept  Strut 
Ma  =  1. 57  a  -  40°. 


Figure  11.  Schlieren  Picture  of  the  30mm  Bullet  Using  a  10°  Swept  Strut 
Ma  =  1 . 57  a  =  40°. 
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Schlieren  Picture  of  the  30mm  Bullet  U 
Ma  =  1.  57  a  =  40°. 
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Figure  12. 


Schlieren  Picture  of  the  30mm  Bullet  Using  a  3o‘ 
Ma  =  1. 57  a  =  30  . 


Swept  Strut, 
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Figure  12.  Schlieren  Picture  of  the  30mm  Bullet  Using  a  0°  Swept  Strut, 
Ma  =  1.57  a  -  30°. 


Figure  12.  Schlieren  Picture  of  the  30mm  Bullet  Using  a  10°  Swept  Strut. 
Ma  =  1.57  a  =  30°. 
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Figure  16.  I"  Did.  Spinning  Model  Mounted  on  the  Original  Door  Mount. 
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P'TCH  DATA  VARIATION  WITH  SPIN  FOR  30  MM  BULLET 
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Figure  21.  Illustration  of  Zero  Shift  at  Re.  =  .94  x  10  . 
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The  moments  about  the  hinge  ilr.es  produced  by  ranging  calibration  --eights 
at  each  of  the  six  positions  shown  in  Tig.  28,  can  be  -Tit ten  in  terns  of  the 
unknown  parameters  and  the  lata  recorded  during  the  calibration  (Table  ^  . 

This  makes  a  total  of  2k  possible  equations  of  which  only  16  are  required. 

Some  equations  wild  give  identical  results  while  others  will  give  less  accurate 
results  due  to  small  moments  or  the  eppearar.ee  of  cosines  of  small  ^.tglcc .  The 
16  unknowns  are  i- ,  X_,  K.„  X  ,  a,  b,  c,  3r,  3_ ,  */.„  €„ ,  c_,  and  . 

Before  applying  the  calibration  results  to  the  wind  tunnel  data  the 
calibration  direction  angles  must  be  converted  into  the  petitions  of  the  yaw 
and  pitc.i  hinges  lines  with  respect  to  one  another.  This  is  necessary'  for  the 
hinge  line  direction  angles  are  dependent  on  the  roll  orientations  of  the 
balance.  The  relation  between  the  hinge  lines  can  be  -Titter,  as: 

cos  0_,  ■  cos  3p  cos  ♦  cos  cos  i-  cos  cos  T_ 

cos  0^  =  cos  9^  cos  Tp  -  cos  7^  cos  cos  5p  cos 

COS  tY  *  COS  •]_  COS  -  COS  COS  C-J  -  COS  T-.  COS  T_ 

x  r  •  - .  »  ik 

where  0L,,  0^,  and  are  essentially  the  angles  between  the  front  pitch  and 
yaw  hinge  lines,  the  rear  pitch  and  yav  hinge  lines  and  the  front  and  rear 
yav  lines  respectively. 

The  direction  angles  for  the  test  conditions  are  determined  from  the  sero 
spin  test  data  at  each  angle  of  attack.  For  zero  spin  the  moment  equations 


the  corre.  panumg  calibration  angues 


become : 

Xp  »p  *  =os  9p  Here  3-,,  TR  are  the  test  angles 

while  previously  the  sane  symbols  denote 

Kr  ~  '"0S  the  corre. ponding  calibration  angles . 

Kf  mf  =  3(3^  t-  c)  ccs  Tp 
=  N(X,}  -  c  +  b)  cos 

The  hinge  line  relations  3_,;  0^,  and  tv  can  also  be  written  in  terms  of 
the  test  hinge  line  direction  angles  so  that  ten  equations  are  available  to 
solve  for  ten  unknowns  [eJ  -  test  hinge  line  direction  angles  plus  the  normal 
force  and  its  center  of  pressure). 
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